(BFM) can be generated from an impulsive force resulting from the collision between 23 the stator and the rotor. The asymmetry in the fluctuations of the tilting angle of the 24 rotor determines the direction of rotation. The expressions of the torque and the 25 step size can be derived from a Langevin equation of motion. The drag coefficient of 26 BFM derived from the Langevin equation and the measured torque-speed (-) 27 relation is notably high; the viscous force from the environment cannot account for it. 28
The drag force may be caused by the frictional interaction between the bearing-like 29 L-and P-rings of BFM and the cell membrane. Order-of-magnitude estimations of the 30 torque and the step size are consistent with previous experimental observations. The 31 slope of the linear dependence of the rotational frequency on the temperature was 32 estimated and was consistent with the observed value. A simulation device having 33 the structural characteristics of BFM was designed to demonstrate the applicability 34 of the proposed mechanism. Many observations for the actual BFM, such as the 35 bidirectional rotation and the - relations of the clockwise and counterclockwise 36 rotations, were reproduced in the simulation experiments. 37 38 39 40 41 42 Importance: 43 The concept that the torque required for the rotation of the rotor of a bacterial 44 flagellar motor (BFM) can be generated from an impulsive force resulting from the 45 collision between the stator and the rotor is new and effective. The magnitude of the 46 torque and the size of the step derived from the proposed mechanism are consistent 47 with the observed values. The torque-speed (-) relation might be explained by the 48 frequency-dependent drag force caused by the frictional interaction between the 49 bearing-like L-and P-rings of BFM and the cell membrane. The slope of the linear 50 dependence of the rotational frequency on the temperature is consistent with the 51 observed value, which has not been achieved previously. 52 53 attempting to understand the mechanisms of BFM. Many researchers have 66 concentrated on solving the detailed structures of the stators and the rotor to 67 understand the conversion from of electric energy to the mechanical energy of 68 rotation [7] [8] [9] [10] [11] . The chemomechanical approaches had limited success in providing 69 details of the torque-generating processes. When the ions travel along the 70 designated path from the cell membrane to the stator, the electric potential energies 71 of ions decrease and the kinetic energies increase. However, the excess kinetic 72 energies of ions are released into the environment through collisions with the 73 molecules in the path. Physically, the net effect of the ions traveling through the 74 potential difference across the membrane is the increase in the kinetic energy of the 75 random motion of the atoms and molecules along the traveled path. It is impossible 76 to pass the entire gain in the kinetic energy of the ions to the stator in the form of 77 chemical energy. Researchers have disagreed regarding the torque-generating 78 processes; one consensus reached in the literature was that the torque was 79 generated at the interface between the stator and the rotor [4-6, 9-12]. 80
The rotation-related observations of BFM are summarized as follows. (a) The 81 rotation is bidirectional and the direction of rotation can be switched instantaneously 82 [2, 9, 13, 14] including the conformation changes of the stators and the steric interaction potential 92 between the stators and the rotor. I argue that the steric interaction potential that 93 the authors used may not be the dominant interaction between the stators and the 94 rotor. Although thermal fluctuations were included in the Langevin equations in the 95 proposed chemomechanical model [5, 6] , the effects of physical collisions between 96 the stators and the rotor have been overlooked. The stators are in close contact with 97 the outer lobe of the C-ring [6, 9, 23] of the rotor; however, the two bodies are not 98 bound together and can move randomly and independently at room temperature. 99
The amplitude of the thermal motion of the stator can be estimated with x  100 (3k B T/k) 1/2 , where k B is the Boltzmann constant, T is the environmental temperature, 101 and k is the spring constant of the conformational change of the stator. Taking k in 102 the order of 250 pN/nm and k B T = 4.1 pN.nm, x is of the order of 0.2 nm. If x is 103 larger than the gap between the stator and the rotor, frequent stochastic collisions 104 between the two bodies are inevitable. The collisions may result in discontinuous 105 changes in the trajectories of the two bodies involved. The impulsive force on the 106 two colliding bodies is much larger than the force derived from a continuous 107 interacting potential [5, 6] . Therefore, the impulsive force of the collision between 108 the stator and the C-ring may be the dominant source for torque generation for the 109 rotation of the rotor. The stators can be viewed as small studs that randomly collide 110 with the C-ring. 111
Here, I propose a new physical mechanism that the impulsive force produced at 112 the stator-rotor interface due to the random collisions between the two might be 113 the dominant torque-generating force for the rotation of the rotor. The asymmetry in 114 the direction of the tilt of the axis of rotation is vital for the rotation of BFM and may 115 determine the direction of rotation. The rotation is bidirectional. The - relation 116 depends on the direction of tilt and is found to be asymmetric for CCW and CW 117 rotations. In the actual BFM experiments, the torque applied to BFM was deduced 118 from the viscous force on an attached small bead. I would use the symbol  ext for the 119 torque from the viscous force, because the viscous force is from the environment 120 external to BFM [4, 15, 16], to distinguish  ext from the torque ( gen ) generated within 121 BFM, which exists throughout the experiments for measuring the - relation. In the 122 simulation experiments described later,  ext is applied by the gravitational forces of 123 three hanging weights. 124 125
Generation of impulsive torque 126
For the actual BFM, the asymmetry in the tilt of the rotor axis may result from the 127 fact that the small bearings (L-and P-rings in actual BFM) may not be completely 128 perpendicular to the outer membrane [24, 25] . The impulsive force, which is parallel 129 to the stator axis, may not align with the tilted rotor axis. Therefore, a torque parallel 130 to the rod (the rotor axis) may result. Asymmetry of a fraction of one degree in the 131 tilting angle will be enough to generate processive rotations. 132 Fig. 1 shows the proposed mechanism for the generation of torque required for 133 the directional rotation. The vertical axis is the apparent axis of rotation of the rotor. 134
The rod corresponds to the rod of BFM and is the instantaneous rotation axis; the 135 direction of the rod may fluctuate. The off-centered point P is the position where the 136 stator collides with the rotor from above; therefore, the impulsive force F c ⃗⃗⃗ always 137 points downward. The tilt of the rod is about the rotor axis with an angle . In the 138 figure,  is exaggerated. In the simulation experiments,  is within ±2. Let ℓ be the 139 projection of the vector OP ⃗⃗⃗⃗⃗ to the direction perpendicular to the direction of OA ⃗⃗⃗⃗⃗ 140 that asymmetry occurs, and is the lever arm of F c , where O is the center of the rotor 141 (C-ring), and  be the angle between the vector OP ⃗⃗⃗⃗⃗ and the direction of OA ⃗⃗⃗⃗⃗ . Then l 142 = R sin, where R is the distance between O and the stator. The impulsive force will 143 exert a torque  gen ⃗⃗⃗⃗⃗⃗⃗ = OP ⃗⃗⃗⃗⃗ x F c ⃗⃗⃗ with respect to the rod. The magnitude  gen of the 144 component of  gen ⃗⃗⃗⃗⃗⃗⃗ along the rod is 145 
When the external torque  ext is zero, exhibits a step-like behavior, which is zero 210 before t i and a constant after t i +∆ . The exponential function in Eq. (4) is vanishingly 211 small due to the small moment of inertia I. This is consistent with the observations 212 that the rotation angle of BFM showed a step-like behavior when the rotation was 213 slow. The size of the step in Eq. (4) is ∆ for one collision. 214
215

Simulation experiments 216
I designed a simulation device to demonstrate the essence of the physical 217 mechanism of the rotation of BFM ( Fig. 2(a) ). For comparison, the schematics of BFM 218 [1, 6, 10] are shown in Fig. 2(b) . In the figure, the outer membranes ( Fig. 2(b) ) are 219 aligned with their counterparts (the upper thin black acrylic square plate) in the 220 simulation device ( Fig. 2(a transmitted with a rod that is free to rotate on its axis. The rod is fixed on a thin plate 229 through a small, low-friction bearing. The asymmetry in the fluctuations of the rotor 230 can be adjusted with the gaps (g 1 -g 4 ) between the eight long-traveling nuts (Fig. 2(a) ), 231 which might correspond to the asymmetric fluctuations of the tilting angle of the 232 L-ring of the actual BFM. For example, in Fig. 2(a) , the gap g 1 is the smallest among 233 the four gaps; therefore, the direction of asymmetry is from g 3 to g 1 , which 234 corresponds to the direction OA ⃗⃗⃗⃗⃗ in Fig. 1 . The uppermost circular black disk, which 235
is fixed on the rod and has two white dots on it, is used to visualize the rotation. The 236 aluminum rod with 8 mm in diameter just under the uppermost disk is designed for 237 exerting the externally applied torque in the  ext - relation experiments. In these 238 experiments, three forces are exerted on the side of the aluminum rod with 120 239
between each of them. The torques are from three equal weights hung 30 cm from 240 the aluminum rod to avoid the body of the electromagnetic shaker. The rotation of 241 the rotor can be generated with a vertical electromagnetic shaker and be recorded 242 with a digital camera for analysis. 243
The net effects of the torque will be the sum of all of the generated and applied 244 torques. The asymmetry in the fluctuations of the rotor is critical for the rotation of 245 the rotor. If the probabilities of the occurrences of positive and negative  are equal 246 as in the symmetric cases (for example: g 1 = g 2 = g 3 = g 4 = 3 mm), the net rotation 247 would fluctuate around zero angle or no directional rotation. Only when steric 248 asymmetry holds does the system have a preferred direction of rotation. A small 249 asymmetry () of a fraction of a degree will be enough to generate processive 250 directional rotation. In the proposed mechanism, the direction of rotation depends 251 on the sign of the tilt angle; as the sign of  can be positive or negative, the rotation 252 of BFM is bidirectional. From Eq. (1), the position of the stator and the sizes of the 253 gaps are both essential to determine the direction of rotation. According to Eq. (1), 254 the direction of rotation from CCW to CW (or to change the direction of tilt) can be 255 changed in three ways by adjusting the asymmetry. The direction of rotation can be 256 changed, in Fig. 2(a) , if the position of the stator is fixed, (a) by reducing g 3 so that g 1 257  g 3 , and g 1 = g 2 = g 4 , and (b) by keeping g 2 = g 3 = g 4 , and enlarging g 1 so that g 1  g 2 , 258 or (c) by changing the position of the stator, if the sizes of gaps are fixed. For actual 259 BFM, the asymmetry might change its sign by rotating BFM 180° keeping the 260 environment the same, or by switching to another active stator such that the lever 261 arm vector (OP ⃗⃗⃗⃗⃗ in Fig. 1 ) switches direction. 262
The images of the uppermost circular disk were recorded at 10 Hz, while the 263 simulation device was shaken by an electromagnetic shaker at 19.7 Hz. The angles 264 and direction of rotation of the two white spots on the uppermost circular disk were 265 recorded. 266
267
Results
(a) Bidirectional rotation 269
It is well documented that tethered bacterial flagella change the direction of 270 rotation abruptly and randomly [1, 2, 15] . In simulation experiments, I found that the 271 direction of rotation could be changed easily by adjusting the conditions of the 272 asymmetry in the fluctuations of the rotor (Eq. (1) ). The time traces of the total angle 273 that the rotor rotated was measured for various tilting angles  (Fig. 3(a) ). The 274 averaged tilting angle was changed by adjusting the size of g 1 but the other gap sizes 275 were maintained at 3 mm. When the simulation device was shaken vertically, the 276 rotor rotated CCW if g 1 was small, ceased to rotate for g 1 = 3.5 mm, and rotated CW 277 when g 1 was >3.5 mm. The data indicated that the direction of rotation depended on 278 the small asymmetry in the tilting angle, and the rotor did not rotate processively in 279 one direction when the fluctuation in the tilting angle  was symmetric, which is 280 consistent with the proposed mechanism. With the distance between the posts is 7 281 cm, the change in average tilting angle  was 0.8 for a 1-mm change in the gap size. 282 Fig. 3 (b) shows the angular speed as a function of the g 1 size for the time traces 283 shown in Fig. 3(a) . The angular speeds were taken as positive for CCW rotation. For g 1 284 > 3 mm, the angular speeds were CW and were low compared with those of the CCW 285 rotations. The reason might be that for the large g 1 > 3 mm, in some occasions, the 286 tilts of the rotor were in favor of CCW rotation, thus slowing down the CW rotation. 287 This is what has been observed for the BFM of E. coli [15] . 288
The  ext - relation is the most crucial characteristic of the rotation of BFM in 290 model checking [1, 4, 15, 16] , where the external torque was exerted on the motor in 291 a direction against the original rotation. In high  ext region, the rotational speed is low 292 and increases rapidly but  ext decreases. The increase in the rotational speed slows 293 down when the torque passes a knee value. In other words, the  ext - relation 294 concaves downward. The asymmetry in the CCW and CW rotations shown in Fig observations for the actual BFM. The simulation design preserves much of the 301 characteristics of the actual BFM. According to the notion that the common shape of 302 the  ext - relation is an indication of the common mechanism for BFM [1, 5, 16] , one 303 might infer that the physical mechanism proposed in this report is one of the 304 possible candidates of the mechanism of the rotation of BFM. 305
(c) The steps in rotation 306
In the proposed mechanism, the rotation of the rotor is generated by discrete 307 impulsive torques. The steps in the rotation angle are genuine in the mechanical 308 mechanism. In the simulation experiment, the discrete impulsive torques can be 309 generated by tapping the upper plate with a finger to produce discrete collisions 310 between the rotor and the stator. Fig. 5 shows an example of a series of steps 311 generated by tapping. The step sizes observed here could not be compared with 312 those observed in BFM due to different and k. One characteristic of the shapes of 313 steps in the rotation is that the steps may occur abruptly, then round off slowly to a 314 saturation value, and wait for next impulsive torque to occur. Therefore, the edges of 315 the steps are not extremely sharp, which can also be observed in the actual BFM 316 experiments [17, 18] . For the actual BFM, steps were observed only when the 317 concentration of ATP was low and the rotation was slow. Under these conditions, the 318 occurrence of effective collisions between the stator and the rotor was rare, and the 319 discrete steps occurred according to the mechanical mechanism. 320
The step size of BFM can be estimated according to the result of Eq. (4), the 321 generated torque, and the measured drag coefficient. The large drag coefficient 322 measured from the  ext - relation might prevent the weak collisions between the 323 stator and rotor from producing significant rotations. The number of effective 324 collisions might be much smaller than the total number of collisions. From Eq. (2), 325 the average value of the generated torque  gen is 41 pN.nm per collision. However, 326
the measured torque was between 2700 and 4600 pN.nm [1, 16] , which means that 327 The aforementioned results are for one stator case, and the stator situated in a 339 direction ⃗⃗⃗⃗⃗ , which was perpendicular to the vector ⃗⃗⃗⃗⃗ . It was found that the 340 rotational speed depended on the position of the stator P. Fig. 4 shows the rotational 341 speed as a function of the angle , where  is the angle between ⃗⃗⃗⃗⃗ and ⃗⃗⃗⃗⃗ and 342 the length of ⃗⃗⃗⃗⃗ was kept the same for all of the angle . From Eq. (1) , the 343 dependence should be sinusoidal. The data shown in Fig. 6 are distorted sinusoidal 344 dependence, probably due to the asymmetry introduced in the design of the device. 345
The essence of the results shown in Fig. 6 is that the direction of rotation can be 346 changed by two factors; one is the angle , which depends on the position of the 347 stator relative to the direction of asymmetry ⃗⃗⃗⃗⃗ , the other is the direction of 348 asymmetry ⃗⃗⃗⃗⃗ , which can be adjusted by the four gaps, g 1 -g 4 . For a fixed 349 configuration of the gaps (for example: g 1 = 1 mm, g 2 = g 3 = g 4 = 3 mm) and   180, 350 the direction of rotation would be CW. In this case, if one enlarges g 1 to 5 mm, then 351 the rotational direction would change to CCW; however, according to the same 352 arguments as that in the first paragraph in the Results section, the rotational speed 353 would be slower than that of the CW rotation, i.e., the speed of the CCW rotation is 354 not necessarily larger than that of the CW rotation, as observed in Ref. 13. 355 Another well-known observation is that some BFMs abruptly change the 356 direction of rotation. From the results shown in Fig. 6 and the The number M of stators involved in torque generation has been a key topic in 365 studies on BFM [1, [19] [20] [21] [22] . The steps observed in the resurrection experiments were 366 regarded as an indication of the gradual increase in the number of the stators that 367 returned to the active state. This argument was based on the assumption that the 368 number of active stators was the only factor affecting the rotation speed of BFM. 369 However, from Eq. (1), the torque generated, and thus the rotation speed, depends 370 on many other factors, such as the configuration of BFM on the membrane and the 371 positions of the stators. In the proposed mechanical mechanism, only one stator may 372 collide with the FliG in the C-ring for any colliding (torque generation) events; in 373 other words, only one effective stator exists at any moment. From the data shown in 374 Fig. 6 , and also from Eq. (1), the magnitude and direction of the torque generated (or 375 the rotational speed) depend on the position of the stator. The contributions at 376 uncorrelated moments, which might be CW or CCW, might add up without 377 coordination. Therefore, the rotation speed might not strongly depend on the 378 number of the stators in the cytoplasmic membrane [4, 6] . 379
For multiple stators, the dependence of the rotation speed (or torque) on the 380 number M of stators may be different for different distributions of the stators in the 381 cytoplasmic membrane in the proposed mechanical mechanism. Fig. 7(a) shows the 382 dependence of the rotation speed on the number of stators for two different stator 383 arrangements. The full dots are for the case that all of the stators are arranged in the 384 same half of a circle (relative to the direction of asymmetry ⃗⃗⃗⃗⃗ ) in the plate 385 simulating the cytoplasmic membrane with  < 180 and CCW rotation; CW makes no 386 contribution in this arrangement. Due to the limited space, only seven stators are put 387 on the plate. The rotation speed does not increase linearly with M and actually 388 decreases a little with a large M. This is probably because, occasionally, the rotor 389 collides with the stators situated at the place with  deviating largely from 90, which, 390 as per Eq. (1), contribute less to rotation speed. The full triangles in Fig. 7(a) are for 391 the case that the stators are distributed evenly (one for every 45) in a circle 392 centered at O in the plate simulating the cytoplasmic membrane. The rotation speed 393 (CCW) decreases rapidly for large M. The reason for the decrease might be that 394 stators with  ≥ 180, as per Eq. (1), contribute negative (CW) torque to the rotation; 395 thus, the collisions of the rotor with such stators reduce the rotation speed when M 396 and  become large. In the case of seven evenly distributed stators, the asymmetry is 397 lost and any angle  is equally probable to occur in the torque-generating collisions. 398 Therefore, the generated torques cancel each other, leading to the rotor fluctuating 399 around the initial angle with no net rotation. 400
An increase in the number M of the stators did not increase in the power output in 401 the simulation experiments either. Fig. 7(b) shows the  ext - relations with one, three, 402
and five stators deposited in the same half-circle relative to the direction of 403 asymmetry ⃗⃗⃗⃗⃗ in the plate simulating the cytoplasmic membrane. When adding 404
stators to the plate, the s of the individual stators are different and are kept <180, 405 so that the torques generated with the stators are positive and contribute to CCW 406 rotation. As shown in Fig. 7(b) , the increase in the number of stators decreases not 407 only the stall torque but also the maximum rotational speed. 408 409 410
Discussion: 411
The flagellar rotation is under continuous viscous drag and in the overdamping 412 regime. A reliable and strong source of torque is required for the processive rotation 413 of the flagella. Finding the origin of the generation of torque is a purely mechanical 414 problem, and a clear source of the force and the lever arm of the force to generate 415 the torque must be specified. In the mechano-electrochemical mechanism [5,6] of 416 the rotation, the source of the required force was proposed to be from the 417 conformation changes of the stators and the steric interaction potential between the 418 stators and the rotor. However, such an interaction potential may not be the 419 dominant source of the force of interaction between the stator and the rotor. The 420 impulsive force due to the physical collisions between the stator and the rotor may 421 be much stronger than the force from the continuous interaction potential. is estimated to be 1.3 Hz/C, which is of the same order of magnitude of the 436 measured slope. Considering that the estimation is only a rough one, the result 437 supports the proposed physical mechanism of the torque generation of BFM. 438
The applicability of a proposed mechanism can be proven by many methods-for 439 example, model calculations, computer simulations, or simulation with a real device. 440
If the methods are to be eligible to prove a mechanism, the individual proving 441 method must contain the essential characteristics for both the structure and the 442 physical principles involved and can be used to obtain the observed results of the 443 actual system. In this study, I designed a device that has the key structures of BFM as 444 described in the section of the design of the simulation device (Fig. 2) , and the only 445 interactions between the stators and the rotor are physical collisions. The simulation 446 experiments reproduced most of the observations of BFM, such as bidirectional 447 rotation,  ext - relation of CCW and CW rotations, and steps in the time trace of the 448 angle of rotation. Therefore, the contribution from the mechanical mechanism 449 cannot be overlooked. In the mechanism, the torque might be generated from the 450 random collisions of the stator with the rotor. Such a generation of rotation from 451 random motion does not violate the second law of thermodynamics. Because BFM is 452 not an isolated energy system, the static electric energy released due to positive ion 453 flow through the potential difference across the bacterial membrane to BFM 454 enhances the random motion of the rotor and partially powers the rotation. 455 456 457
Summary: 458
A physical mechanism that the torque requires for the rotation of the rotor of BFM is 459 generated from the impulsive force due to random collisions between the stator and 460 the rotor is proposed for the first time. The CCW or CW direction of rotation is 461 determined by the asymmetry in the fluctuations of the tilt angle of the rod. The 462 drag coefficient derived from the  ext - relation is too large to be accounted for by 463 the rod is fixed on the upper thin plate with small bearings, and g 1 , g 2 , g 3 , 590
and g 4 are the gaps that adjust the asymmetry of the angular fluctuations 591 of the rod. The long screws are for adjusting the gaps. In (b), C-ring has the 592 function of the rotor, Mot A is the part of the stator colliding with the rotor, 593 and the surface where the stator and the rotor collide is noted as the 594 torque-generating surface. 595 596 Fig. 3 (a) Time traces of the rotational angle with different g 1 than that in Fig. 1(a 
